We propose a 3D branched ZnO nanostructure for the fabrication of highly ecient dye-sensitized solar cell photoanodes. A coral-shaped structured Zn layer was deposited by radio frequency magnetron sputtering at room temperature onto uorine-doped tin oxide/glass sheets and then thermally oxidized in ambient atmosphere, obtaining a high-density branched ZnO lm. The porous structure provides a large surface area, and, as a consequence, a high number of adsorption sites, and the size and spacing of the nanostructures (on the order of the exciton diusion length) are optimal for good electron collection eciency. The proposed synthesis technique is simple and scalable and the reproducibility of the growth results was tested. The crystalline phase of the lm was investigated, evidencing the complete oxidation and the formation of a pure wurtzite crystalline structure. ZnO-based solar harvesters were fabricated in a microuidic architecture, using conventional sensitizer and electrolyte. The dependence of the cell eciency on dye incubation time and lm thickness was studied with IV electrical characterization and electrochemical impedance spectroscopy. The obtained conversion eciency values, with a maximum value of 4.83%, conrm the highly promising properties of this material for the implementation in dye-sensitized solar cell photoanodes.
Introduction
Zinc oxide is well known as a promising alternative to titanium dioxide for the fabrication of photoanodes in dye-sensitized solar cells (DSCs) [1] . ZnO is a wide band gap semiconductor (energy gap 3.37 eV), with a conduction band edge positioned approximately at the same level as in TiO 2 , meaning that ruthenium-based dyes developed for TiO 2 can eciently work also when linked to ZnO. With respect to titania, ZnO presents higher electron mobility and carrier lifetime, being these parameters very important to improve the performances of DSCs.
Moreover, zinc oxide is well known for its ability to easily grow in a wide variety of nanostructures, like nanoparticles [2] , nanowires or nanorods [3] , nanotubes [4] , nanosheets [5] , nanoplants [6] and nanotetrapods [7] , just to cite some valuable examples. The DSCs were assembled using a microuidic architecture [9, 10] . A liquid I − /I − 3 electrolyte (Iodolyte AN50, Solaronix) was used. All cells had an active area of 0.78 cm 2
and measurements were performed with a 0.22 cm 2 black rigid mask.
Characterizations
The morphology of the Zn and ZnO lms was investi- The amplitude of the AC signal was 10 mV.
Results and discussion
In Fig. 1a the morphology of the deposited lm as evaluated by FESEM is presented. The Zn lm shows a sponge-like structure, compatible with the results proposed by Baker et al. for ZnAl coatings [11] . The nanostructuring of a metallic lm in a sponge-like structure occurs for growth processes performed with a substrate temperature T approximately equal to a half of the melting temperature T m (e.g. T /T m ≈ 0.5) [12] . Being the melting temperature for zinc particularly low, it is possible to synthesize a porous nanostructured layer for T ∼ T amb . Films with thicknesses up to 15 µm were deposited.
As depicted in The macroscopic appearance of the deposited lm before and after the oxidation treatment drastically changes, moving from a black to a transparent feature, as shown in Fig. 2a . In Fig. 2b , the XRD characterization of the lm before and after the oxidation procedure is reported. The diraction pattern after the thermal treatment witnesses a complete oxidation of the lm, without the formation of Zn residuals, which could be detrimental for charge transport in DSC photoelectrodes.
Photovoltaic characterizations were performed using a microuidic architecture, which is an advantageous tool for the optimization of the process, being the assembly procedure simple and fast in a controlled and reproducible way [14] . A picture of the nal device is shown in Fig. 2c . The sensitization procedure is known to be critical for ZnO electrodes [15] , since it is necessary to avoid the partial ZnO dissolution in the dye solution. In 
V oc is the open circuit voltage, J sc is the short circuit current density, P in is the input power density, and F F is the ll factor, dened as (V max J max )/(V oc J sc ), where V max and J max are the voltage and current density at maximum power output, respectively. Photoanodes with a ZnO lm thickness equal to 15 µm were used. Several devices were tested and the relative error between dierent samples was within the 5%, meaning a very high reproducibility. An incubation time of two hours was found to be optimal for the sensitization of this material, in line with previously reported data [10] and for materials synthesized with other techniques [16] .
In particular, an evident increase in J sc is noticed, while F F is almost independent of the sensitization procedure.
The eciency increase for short incubation times is related with the slow kinetic of dye adsorption on the surface of the semiconductor. When the number of chemisorbed dye molecules on the surface of ZnO is low, the PCE is reduced both because of the small number of photogenerated charges injected in the semiconductor and because of the higher recombination rate with the electrolyte, occurring at the semiconductor unoccupied sites. When the optimal incubation time is exceeded, the formation of molecular aggregates between dissolved Zn 2+ ions and dye molecules occurs [17] . The aggregates are inactive in terms of charge generation and act as lters for the impinging light, decreasing the overall eciency of the device. 
